During retinal development, ribbon synapse assembly in the photoreceptors is a crucial step involving numerous molecules. While the developmental sequence of plexiform layers in human retina has been characterized, the molecular steps of synaptogenesis remain largely unknown. In the present study, we focused on the central rod-free region of primate retina, the fovea, to specifically investigate the development of cone photoreceptor ribbon synapses. Immunocytochemistry and electron microscopy were utilized to track the expression of photoreceptor transduction proteins and ribbon and synaptic markers in fetal human and Macaca retina. Although the inner plexiform layer appears earlier than the outer plexiform layer, synaptic proteins, and ribbons are first reliably recognized in cone pedicles. Markers first appear at fetal week 9. Both short (S) and medium/long (M/L) wavelength-selective cones express synaptic markers in the same temporal sequence; this is independent of opsin expression which takes place in S cones a month before M/L cones. The majority of ribbon markers, presynaptic vesicular release and postsynaptic neurotransductionrelated machinery is present in both plexiform layers by fetal week 13. By contrast, two crucial components for cone to bipolar cell glutamatergic transmission, the metabotropic glutamate receptor 6 and voltage-dependent calcium channel a1.4, are not detected until fetal week 22 when bipolar cell invagination is present in the cone pedicle. These results suggest an intrinsically programmed but nonsynchronous expression of molecules in cone synaptic development. Moreover, functional ribbon synapses and active neurotransmission at foveal cone pedicles are possibly present as early as mid-gestation in human retina.
different from midgestation (Diaz-Araya & Provis, 1992; Packer, Hendrickson, & Curcio, 1990; Springer, Troilo, Possin, & Hendrickson, 2011; Yuodelis & Hendrickson, 1986) . Cone density rises after birth, probably due to a combination of cellular remodeling and a packing mechanism (Hendrickson & Kupfer, 1976; Provis, Dubis, Maddess, & Carroll, 2013; Springer, 1999; Yuodelis & Hendrickson, 1986 ) because there is no evidence for late generation of cones (Hendrickson, Possin, Kwan, Huang, & Bourne, 2016; La Vail, Rapaport, & Rakic, 1991) . It takes 4-6 years for an adult density of 200,000/mm 2 to be reached in humans (Yuodelis & Hendrickson, 1986 ) and up to 15 months in macaque (Packer et al., 1990) .
How does this morphological maturation compare with the appearance of synapses? One advantage of the slow retinal development in primates is that small increments of change can be detected more easily. Earlier studies from this lab in macaque and marmoset monkeys have shown that the earliest expression of synaptic labels is in the fovea (Hendrickson, Troilo, Djajadi, Possin, & Springer, 2009; Sears, Erickson, & Hendrickson, 2000) which begins shortly after cones are generated La Vail et al., 1991) . Foveal synaptic development at the electron microscopic (EM) level in humans has not been reported, but that of the macaque inner plexiform layer (IPL) has (Crooks, Okada, & Hendrickson, 1995) . Ribbon-containing synapses of bipolar cells are sparse but present at fetal day (Fd) 55 (term5Fd 170). Conventional synapses of amacrine cells appear by Fd 68, and these increase dramatically by Fd 88, shortly after midgestation. Thus in monkeys synaptic proteins and markers appear very early in both foveal IPL and outer plexiform layer (OPL).
We have examined a series of human prenatal foveas starting at Fwk 8 to track the immunocytochemical expression of pre-and postsynaptic markers in the cones and inner retina. We find that most markers appear between Fwk 8 and Fwk 13, except the ON bipolar metabotropic glutamate receptor 6 (mGluR6) and the voltage-gated calcium channel a1.4 (VCa) which appear together at Fwk 22. This indicates that inner and outer retina are synaptically linked well before the onset of either pit formation or cone packing.
| MATERIALS A ND METHODS

| Antibody characterization
The monoclonal antibody (mab) against the bassoon protein (Abcam Cat# ab82958, RRID:AB_1860018) detected a 400 kilodalton (kDa) band in a Western blot of mouse and rat brain (manufacturer data sheet). Bassoon is an established marker for photoreceptor ribbons, and no immunostaining is detected in bassoon knockout retinas (Brandstatter, Fletcher, Garner, Gundelfinger, & Wassle, 1999; Dick et al., 2003) .
The mouse mab against the alpha subunit of cone transducin (J. B.
Hurley, University of Washington, Seattle WA USA Cat# cone transducin (A1.1), RRID:AB_2314216) recognizes a 40.5-kDa band in Western blots of human retina extracts. It immunolabels the outer segments and cytoplasm, including the synapse of primate cones (Lerea, Bunt-Milam, & Hurley, 1989) .
The mab against C-terminal binding protein 2 (BD Biosciences Cat# 612044, RRID:AB_399431) recognizes a 48-kDa protein in Western blots of rat retina (manufacturer data sheet). It was previously shown to label ribbons in photoreceptor and bipolar cell synaptic terminals in macaque and marmoset retina (tom Dieck et al., 2005; Jusuf, Martin, & Grunert, 2006) .
The mouse mab against the G protein Goa (Millipore Cat# MAB3073, RRID:AB_94671) reacted with a protein of 42-43 kDa in homogenates from X. laevis and B. japonicas olfactory epithelium (Hagino-Yamagishi & Nakazawa, 2011) . In retina, it labels rod and cone ON-bipolar cells (Dhingra et al., 2000; Haverkamp & Wassle, 2000) .
The rabbit antibody to interphotoreceptor retinoid-binding protein (G. Chader NIH/NEI Cat# anti-IRBP affinity purity antibody, RRID: AB_2631101) was shown by immunoblotting of extracts from human, bovine, and macaque eyes to label a single band in the 116-200 kDa range for each species. The antibody selectively labeled rod photoreceptor cells of the primate retina and gave little or no staining of cone photoreceptors or M€ uller glia Wiggert et al., 1986) .
The antibody to ionotropic glutamate receptor 2/3 (Abcam Cat# ab27225, RRID:AB_2279325) was shown to specifically react with a band between 102 and 76 kDa in extracts of pigeon brain. This corresponds to the predicted 98 kDa for the common epitope of subunits 2 and 3 of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Cabral, Santana, da Silva, & de Toledo, 2010) .
According to the manufacturer data sheet, it also specifically labels the corresponding human AMPA receptors.
The mab to kinesin (Millipore Cat# MAB1614, RRID:AB_94284) has been shown to react only with the heavy chain, not with the light chain, and was found to immunolabel punctate cytoplasmic structures, but not microtubules in a variety of human cell lines (Pfister, Wagner, Stenoien, Brady, & Bloom, 1989 ). The H2 clone was shown to react with all three isoforms of kinesin (Kif5A, Kif5B, and Kif5C) in retinal extracts (Cai, Singh, Aslanukov, Zhao, & Ferreira, 2001) .
The antibody against medium-and long-wavelength-sensitive cone opsin (J. C. Saari, University of Washington, Seattle, WA, USA FIG URE 1 A drawing of the human adult fovea, modified by AH from Polyak (1941) . The rod-free zone and foveal avascular zone are roughly coextensive. The most central capillaries are indicated by arrows. The pit displaces the inner nuclear (INL), inner plexiform (IPL), and ganglion cell (GCL) layers laterally. Over the pit center, cone density is the highest in the retina. One of the long thin foveal cones is emphasized to show its outer segment (OS), nucleus in the outer nuclear layer (ONL), cone axon, or fiber of Henle (FH) and synaptic pedicle (P) displaced from its cell body in the outer plexiform layer (OPL) Cat# medium-and long-wavelength-selective cone opsin, RRID: AB_2314780) recognizes a 38-kDa band in Western blots of human retina (Saari, unpublished observations). It shows high specificity for M/ L opsin in both fetal and adult retina and has been used previously to study human and macaque cone development (Bumsted, Jasoni, Szel, & Hendrickson, 1997; Lerea et al., 1989; Xiao & Hendrickson, 2000) .
The metabotropic glutamate receptor 6 (N. Vardi, University of Pennsylvania; Pennsylvania, Philadelphia, PA, USA Cat# mGluR6, RRID: AB_2314792) antibody recognized a single band of 190 kDa in Western blots of monkey retina (Vardi, Duvoisin, Wu, & Sterling, 2000) . It reproduced the pattern of labeling described previously in macaque retina; it labeled the tips of macaque ON bipolar cell dendrites (Gastinger, Barber, Vardi, & Marshak, 2006) .
The parvalbumin monoclonal antibody (U.S. Biological Cat# P4700-07, RRID:AB_2092368) recognized a single band of 12 kDa on Western blots of rat brain (Celio, Baier, Scharer, de Viragh, & Gerday, 1988) . It reproduced the pattern of labeling described previously using calretinin antibodies in macaque retina; it labels macaque horizontal cells and a type of broadly stratified amacrine cell (Klump, Zhang, Wu, & Marshak, 2009 ).
The antibody to postsynaptic density protein 95 (U.S. Biological Cat# P4700-07, RRID:AB_2092368) was characterized via Western blot using rat brain extracts. In our hands, it gives the characterstic labeling of photoreceptor terminals in adult retina as has been described for other similar PSD95 antibodies (Puthussery et al., 2014) .
The antibody to protein kinase C alpha (Sigma-Aldrich Cat# SAB4502354, RRID:AB_10746416) used here was previously shown to label human and macaque monkey rod bipolar cells (Haverkamp, Haeseleer, & Hendrickson, 2003) .
The pab against recoverin (Millipore Cat# AB5585, RRID: AB_2253622) recognizes a 25-kDa protein on Western blots of mouse retina. In primate retina, it labels only photoreceptors and midget bipolar cells (Haverkamp et al., 2003; Milam, Dacey, & Dizhoor, 1993) .
The rabbit polyclonal antibody (pab) to S-cone opsin (J. Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, USA Cat# S-cone opsin RRID:AB_2315298) (Wang et al., 1992) immunolabels S cones in both fetal and adult primate retina. The antibody has been used to characterize S-opsin expression during retinal development (Bumsted & Hendrickson, 1999; Martin & Gr€ unert, 1999; Xiao & Hendrickson, 2000) .
The mouse mab to synaptic vesicle 2 (K. Buckley and R. B. Kelly, University of California at San Francisco, CA, USA Cat# SV2 (synaptic vesicle 2), RRIDs:AB_2315389, AB_2315391) recognizes a 78-kDa transmembrane glycoprotein in synaptic vesicles of neurons and endocrine cells (Buckley & Kelly, 1985) , and recognizes isoforms A, B, and C (Bajjalieh, 1999) . It was used to demonstrate localization of SV2 to synaptic vesicles of both conventional and ribbon synapses in macaque retina (Okada, Erickson, & Hendrickson, 1994) .
The mab to synaptophysin (Sigma-Aldrich Cat# S5768, RRID: AB_477523) detects a 38-kDa protein on Western blots of rat brain and labels neurons, neuromuscular junctions, paracrine cells, and neuronal tumors of all mammalian species (manufacturer datasheet). At the electron microcroscopy (EM) level, this antibody labels photoreceptor and bipolar cell synaptic terminals in primate retina (Koontz & Hendrickson, 1993) .
The rabbit pab against the vesicular glutamate transporter 1 (Synaptic Systems Cat# 135 302, RRID:AB_887877) recognizes a 60-kDa protein in Western blots of rat brain. It localizes to retinal photoreceptor and bipolar cell ribbon-containing synaptic terminals (Mimura et al., 2002; Sherry, Wang, Bates, & Frishman, 2003) .
The rabbit antibody against the voltage gated calcium channel a1.4 (anti-Cacna1f(Pep3); Marion Maw* distributed by Dr. tom Dieck, University of Otago, Dunedin, NZ Cat# anti-Cacna1f(Pep3); RRID: AB_2631102) was previously shown to exhibit presynaptic active zone staining in mouse photoreceptor ribbon synapses .
It showed greatly reduced labeling in mice with a mutant Cacna1f gene. For immunolabeling, enucleated human and monkey eyes were immersion fixed for 1-2 hr in 2% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The cornea and lens were removed before fixation of eyes older than Fwk 15. The horizontal meridian was cryoprotected in 30% sucrose in PB, frozen in OCT and serially sectioned at 12 mm.
| Tissue processing
Every tenth slide was stained with 1% azure II/methylene blue in pH 10.5 borax buffer to locate the fovea and optic nerve head. Data reported in this study were taken from sections in or on the edge of the fovea. One enucleated monkey eye was fixed and processed as above.
The fovea from the other eye was prepared for electron microscopy. It was immersion fixed in 2% paraformaldehyde and 0.5% glutaraldehyde in PB, then processed through 1% osmium tetroxide, rinsed, en bloc stained in 1% uranyl acetate, dehydrated in ethanol solutions, and embedded in epoxy resin (Epon Araldite). Thin sections were cut, placed on Formvar-coated slot grids and stained with Reynolds lead citrate.
To compare events in human (birth 5 Fwk 40) and monkey (birth 5 Fd 170) retinal development, percent gestation was used as a correction factor (e.g., 50% gestation is Fwk 20 in humans or Fd 85 in monkeys; see Table 2 for monkey-human developmental correlations). 
| Immunocytochemistry
Frozen sections were blocked for 1 hr in 10% Chemiblocker (EMD Millipore, Billerica, MA) in PB containing 0.5% Triton X100. They were incubated overnight in a single antiserum or a mixture of two antisera from different species in PB containing 5% Chemiblocker and 0.5% Triton X100 (diluent). Primary antisera are listed in Table 1 . After a 2-hr wash in PB, sections were incubated for 1 hr in the dark in the appropriate species Alexafluor 488 or 594 (1/400; Molecular Probes, Eugene OR), washed, and coverslipped.
| Image acquisition
Immunolabled sections were imaged as single or through focus images on a Nikon Eclipse E1000 widefield microscope using a Hamamatsu camera and a Z-axis stepping stage. Images were deconvolved using Huygens software (Scientific Volumn Imaging, Hilversum, The Netherlands). Electron microscopic images were taken with a JEOL 100S transmission electron microscope, prints were made at a final magnification of 25,0003, these were formed into large montages of the outer retina, and selected areas were scanned digitally (see Crooks et al., 1995 for details) . All images were imported into Photoshop CS5 (Adobe, San Jose, CA) and processed for size, color balance, sharpness, and contrast.
| R E S U L T S
| General morphology
The human eye develops over a long timespan and has a prominent centro-peripheral gradient throughout much of gestation (Hendrickson, 1992 (Hendrickson, , 2016 . This article will concentrate on the expression of synaptic Provis et al., 2013) . Cone packing to raise foveal density is mainly a postnatal event (Yuodelis & Hendrickson, 1986) , so the prenatal period covered by this study will not be influenced by cone packing or pit formation. The morphological progression of the IPL and OPL has been reported for human retina (Hendrickson, 2016) . There is considerable difference between inner and outer retina in that the IPL and ganglion cell layer (GCL) are to the edge of the retina just before midgestation, while the OPL is not complete until Fwk 30.
Because it is very difficult to obtain human eyes after Fwk 20, we include data from a timed series of Macaca fascicularis fetuses and infants which provide information about later gestational changes.
Human and monkey prenatal retinal development are closely parallel when compared using percent (%) gestation (see Table 2 ).
| Human foveal development between Fwk 8 and 10
At Fwk 8 the entire retina is only 3,800 mm long. In azure II/methylene blue stained sections, the region that will become the fovea can be identified as a zone 300 mm wide just temporal to the optic nerve ( (Figure 2g ). 
| Human foveal development between Fwk 11 and 13
At Fwk 11, the fovea is 1 mm wide and is the only region within the entire retina that has five layers (Figure 2g ). The IPL is wider and free of cells while the GCL is tightly packed and quite thick. The neurons in the INL have matured so that outer horizontal, middle bipolar, and inner amacrine sublayers are emerging. The thin outer nuclear layer (ONL) of the central 1 mm is formed by a single layer of large, palestaining cones (C) containing a large dense nucleus (Figure 2g ). This is 
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The Journal of Comparative Neurology the distinctive "pure cone" region that will characterize the fovea throughout the remainder of its development (Hendrickson & Kupfer, 1976; Hendrickson & Yuodelis, 1984) . Cones are separated from the INL by a thin fibrous OPL. Thus, at Fwk 11, the five-layered fovea (area 5 1.77 mm 2 ) sits as a differentiated island which is less than 2% of the much larger (area 5 74 mm 2 ), but very immature, more peripheral retina.
The morphological emergence of the fovea is accompanied by a burst of neuronal marker expression in both outer and inner retina.
Between Fwk 11 and Fwk 13 all cones across the fovea and on its edge express the synapse proteins postsynaptic density protein 95 (PSD; Figure 2h ) and vesicular glutamate transporter 1 (GluVT; Figure   2j ). These markers also are now present as fibers and puncta in the IPL, but neuronal labeling is still sparse. PSD was found through the full thickness of the IPL while GluVT 1 puncta were heavier in the outer half. The synaptic ribbon markers kinesin (Kin; Figure 2l ), cone transducin (CTr, data not shown), c-terminal binding protein 2 (CTBP2; Figure   2m ) and bassoon (Bass; Figure 2n Synaptic differentiation is confined to cones at Fwk 11-13, because cells on the foveal edge containing the rod-specific nuclear protein NRL (Neural Retina Leucine Zipper) do not double-label for any synaptic markers (see Hendrickson et al., 2008) .
| Human foveal development between Fwk 14 and 18
From Fwk 14 to 18, foveal neurons mature, especially the cones which elongate and develop inner segments and synaptic pedicles (Figure 3a) .
The cone pedicle becomes smaller and more defined with age, especially as the cone axon develops (compare Figure 3c [foveal center, more mature cones] to Figure 3d [foveal edge, less mature cones]). The elongated cones now show cytoplasmic localization of markers. In contrast to younger cones where the entire cytoplasm is labeled, IRBP is confined to granules within the inner segment (IS) (Figure 3b ). By Fwk 16, IRBP cellular labeling in the fovea disappears as the interphotoreceptor space between the emerging outer segment and pigment epithelium becomes heavily IRBP 1 (not shown). CTr (Figure 3c ) labels both inner segment and cone pedicles, a pattern which it will retain into adulthood. GR2/3 1 processes (Figure 3c ) cluster beneath each cone pedicle.
The first cone opsin appears at Fwk 11 (Xiao & Hendrickson, 2000) with scattered cones around the foveal edge expressing short wavelength-selective cone opsin (Sop); Figure 2m . The foveal cones are elongated by the appearance of a cone basal axon or fiber of Henle (Figure 3d, "A" ) and a prominent pedicle (P) (Figure 3d (Figure 3h ). Many bipolar cell bodies label lightly and amacrine and ganglion cell bodies much more heavily for GR2/3; all neuronal types send processes into the IPL which is densely GR2/ 3 1 throughout its thickness. A few small ganglion cells double label for PV ( Figure 3h ).
| Human foveal development between Fwk 19 and 30
Foveal development in the latter half of gestation is mainly confined to the complex processes forming the foveal avascular zone and foveal pit. These are discussed elsewhere (Provis, Sandercoe, & Hendrickson, Robinson & Hendrickson, 1995; Springer & Hendrickson, 2004 ).
An early stage of foveal cone displacement due to packing and/or pit formation can be detected by "cone tilt" accompanied by elongation of the cone axon (Figure 4a, arrow) .
Given the early expression of so many cone presynaptic and postsynaptic markers, it is tempting to conclude that human cones could be "functional" by Fwk 18. However, labeling with two critical transmitter proteins indicated that this was not the case. No human retinas younger than Fwk 22 labeled for the ON bipolar metabotropic glutamate receptor 6 (mGluR6), or its critical co-molecule, voltage-gated cal-cium channel a1.4 (VCa) (data not shown). However, the oldest human fetal retinas in our collection that were suitable for immunolabeling of synaptic proteins are Fwk 22 and Fwk 24 (55-60% gestation), and both showed distinct membrane labeling for these markers at the base of cone pedicles only in the central fovea (Figure 4b,c) . The VCa 1 cone axon and pedicle contacted underlying Goa 1 bipolar dendrites ( Figure   4b ). Likewise, mGluR61/Goa 1 processes contacted the cone pedicles ( Figure 4c ). Only the base of the pedicles was double labeled, suggesting that mGluR6 is present in the Goa 1 dendritic tips. No labeling was found outside the fovea at these ages. Figure 4 in Hendrickson, 2016 for larger views of histological sections). Cones (C) still are in a single layer, but have short axons and pedicles (arrow). The cone cell bodies tilt toward the center of the fovea (to left) as pit formation begins. (b) Fwk 24 human foveal cones (C) label for voltage-gated calcium channel a1.4 (VCa) in their axons (A) and pedicles (P), while the Goa 1 ON bipolar dendrites fill the OPL. Goa 1 bipolar cell bodies (BP) are present in the IPL and Goa 1 axons fill the deep IPL. Inset: A single VCa 1 cone axon and pedicle makes contact with the Goa 1 processes in the OPL. A single Goa 1 bipolar dendrite can be seen running into the OPL. (c) Fwk 24 human foveal cones have unlabeled pedicles whose base is metabotropic glutamate receptor 6 (mGluR6) 1 and Goa 1 (arrow) (d) Macaca fetal shortly after midgestation, around fetal day (Fd) 90 foveal cone pedicles (P) are Syn 1 and are contacted by mGluR6 1 process tips. A well oriented pedicle is indicated by the arrow. Scale in d for d-f. (e) GluVT labeling outlines Macaca foveal cone pedicles (P) at around Fd90. These are contacted, and possibly invaginated, by mGluR6 1 dendritic process tips. (f) Macaca parafoveal cones shortly after midgestation at around Fd105 have mGluR61/Goa 1 dendritic processes (D) at the base of the unlabeled pedicles (arrow). Rod labeling is unclear 3.6 | Human and macaque monkey foveal development near midgestation Given the age limitation in our human material, we turned to a collection of Macaca fetal and infant retinae to examine the expression pattern for these "late" markers. The pattern suggested in the human was confirmed in the macaque in that the first cytoplasmic pedicle labeling for mGluR6 or VCa was found near midgestation in central foveal cones (Figure 4d,e ). Distinct mGluR6 1 cone basal membrane labeling appeared outside the fovea shortly after midgestation at about Fd 105.
Expression of these "late" markers slowly moved into peripheral retina with cone pedicles mGluR6 1 at the eccentricity of the optic nerve at Fd 125 (74% gestation; data not shown), and at the edge of the retina by Fd 155, 2 weeks before birth (data not shown). Regardless of eccentricity, the presynaptic Syn 1 or GluVT 1 pedicle is contacted by mGluR61/Goa 1 dendritic tips (Figure 4f ). Thus, in humans these important components of the ON pathway appear more than 2 months after foveal cones have most other presynaptic and postsynaptic proteins and opsin. Judging from macaque labeling, we predict that in humans both markers would be expressed in cones at the optic nerve by Fwk 30, and at the retinal edge shortly after birth.
| Electron microscopic development of outer retina
The electron microscopic development of Macaca foveal cones from Fd 55 to postnatal 3 months will be reported here as a general survey to expand the immunocytochemical findings. A more detailed report using serial reconstruction is being prepared.
At Fd 55 (5Fwk 10, see Table 2 for human/monkey conversions) large round cones (C) (Figure 5a Cones have large IS (Figure 5a ) which are tightly apposed to the PE with virtually no space between the two cell layers. This is consistent with the presence of IRBP-containing vesicles within the inner segments ( Figure 2f ). Cone inner segments are rich in ribosomes, large pale mitochondria, and large membranous vesicles, but have little rough endoplasmic reticulum. The base of the cone which will become the pedicle (P) (Figure 5b ) also has ribosomes, mitochondria, and a few very small synaptic ribbons surrounded by a few synaptic vesicles. Most are in clusters, away from the membrane (Figure 5b arrow) . The pedicle is flat and shows very few infoldings. Although synaptic immunomarkers SV2 and Syn were present at Fwk 8-10 (Figure 2b,c) , the scarcity of ribbons may make them difficult to detect by immunolabeling. The OPL is thin, irregular and loosely filled with processes.
At Fd 61 (5Fwk 12), the cones have not changed much in composition or shape. M€ uller cell cytoplasm is more pale than cone cytoplasm and thick M€ uller cell processes run between the cones. Cones are not totally separated in that cell-cell membrane contact is common. Our impression is that synaptic ribbons are more common at Fd 61, confirming the clear presence of ribbon immunomarkers at this age ( Figure   2k -o). By Fd 68 (5Fwk 15; Figure 5c ) the OPL was thicker with more tightly packed processes. Ribbons are longer and more common, with some perpendicular to the pedicle membrane (Figure 5c, arrows) . OPL basal processes appear more vertically oriented and often make contact with the pedicle, with some processes infolded into the pedicle base. This may be correlated with the appearance of many immunolabeled bipolar dendrites and horizontal cell processes and receptors (Figure 2p -v) at this age.
A major change has occurred at Fd 88 (5Fwk 21) in that cones are much elongated from earlier ages and compartmented with definite mitochondria-filled inner segments, a ribosome-rich myoid, nucleus, and basal pedicle zones (Figure 5d ). There is now some space between cones and PE which is filled with processes and extracellular matrix (Figure 5d, asterisks) . This signals the shift from vesicular IRBP to extracellular IRBP immunolabeling seen in later ages (not shown).
M€ uller cell (M) cytoplasm is pale and relatively free of organelles except for dark particles which are likely glycogen (Figure 5d ). The outer limiting membrane junctions are dense and form a regular line near the cone apex (Figure 5d , arrowhead).
The Fd 88 OPL is thicker and more complex with membrane densities and conventional synapses between processes (Figure 5d ,e). The cone base is more infolded with ribbons and vesicles adjacent to basal processes. Some of these pedicle-process membrane contacts have membrane densities (Figure 5e , white arrow). Some ribbons are opposite two processes forming a dyad synapse (Figure 5e , black arrowhead).
Ribbon synapses with three postsynaptic processes, or triads, were first seen at Fd 88 ( Figure 5f ) and were more common at Fd 110 (Figure 5g ). Basal membrane densities opposite basal processes were also present. By comparison to 3-month-old retina (not shown), the synapses would continue to mature throughout the rest of gestation and into neonatal life.
| DISCUSSION
This combined immunolabeling and EM study shows the very early development of the cone synaptic pedicle in the primate fovea.
Although there are no labeling studies to determine when cones are "born" in humans, generation markers in monkeys La Vail et al., 1991) Macaca Fd 88 some ribbons (arrowhead) are opposite two postsynaptic processes. Regions of the pedicle membrane (white arrow) are dense and closely contact a postsynaptic process. The OPL contains membrane densities (D) between processes. The first triad ribbon synapses were seen at Macaca Fd 88 but were uncommon at this age. The central presumably bipolar dendrite (B, pink) is more dense than the lateral horizontal processes (H, yellow). By Fd 110 in macaque synaptic ribbons contacting three postsynaptic densities forming a triad are more common (bipolar dendrite (B), pink; horizontal cell process (H), yellow)
There are only a few studies regarding synaptic development in primate retina. In marmoset, a similar early expression pattern to humans has been found for cone synaptic immunolabels (Hendrickson et al., 2009) . The lack of a causal interaction between opsin/synapse expression is well demonstrated in marmoset where S opsin is the last opsin to be expressed, appearing after both M/L and rod opsin. Yet in both cone types, synaptic markers are found 2-3 weeks before opsin, while in rods opsin appears 2-4 weeks before synaptic markers. Likewise in human rods (Hendrickson et al., 2008) rod opsin is present before synapses. The EM appearance of foveal synapses has been reported for the macaque IPL (Crooks et al, 1995 , and GluVT are already prominently expressed at postnatal day (P) 0-2, and Bass and CTBP2 are expressed at P 4-5 when formation of ribbons is initiated (Regus-Leidig, Tom Dieck, Specht, Meyer, & Brandstatter, 2009 ). Similar to primates, mGluR6 and VCa are expressed later at P11-14 around eye opening, when bipolar invagination largely occurs (Cao et al., 2015; Dunn & Wong, 2012; Tummala, Neinstein, Fina, Dhingra, & Vardi, 2014) . Therefore, the similarities in ribbon formation and synaptogenesis in mouse and primates may shed light on the mechanism behind the nonsynchronous expression pattern of synaptic proteins in human/primate retina.
Early in synaptic formation, an interaction between Bass and CTBP2 is required for anchoring floating ribbons at the active zone or release site; in turn this is crucial for bipolar invagination (Dick et al., 2003; tom Dieck et al., 2005; Regus-Leidig et al., 2009 ). mGluR6 and VCa require each other to be expressed and participate in maturation of ribbon synapses at photoreceptor axon terminals (Cao et al., 2015; Specht et al., 2009; Tummala et al., 2014; Zabouri & Haverkamp 2013) .
Therefore, it is not surprising that proteins that are functionally associated get expressed neck-to-neck in the same time window. Moreover, the expression of mGluR6 may require the function of proteins expressed much earlier; for example, dark rearing (Dunn, Della Santina, Parker, & Wong, 2013) , or blocking vesicle exocytosis in photoreceptors (Cao et al., 2015) significantly reduces mGluR6 expression in the OPL. This implies an important role of glutamatergic vesicular release in mGluR6 expression that may involve SV2, Syn, and GluVT. The same late developmental time window of mGluR6 expression and bipolar invagination in mouse (P11-14; Hoon et al., 2014; Tummala et al., 2014) and primate (Fd 88 monkey; Fwk 22 human; our data) suggests a potential relationship between these two events. However, in Bass mutants where ribbons fail to be anchored and bipolar invagination is disrupted, mGluR6 expression remains normal (Dick et al., 2003) and the knockout of mGluR6 does not prevent bipolar invagination (Tsukamoto & Omi, 2013) . Therefore, although lack of mGluR6 expression often occurs together with no bipolar invagination (Cao et al., 2015; Zabouri & Haverkamp, 2013) , it is unlikely that bipolar invagination is a limiting factor for mGluR6 to be expressed. In conclusion, it can be postulated that during photoreceptor synaptogenesis the expression of mGluR6 requires the pre-existence of active presynaptic glutamatergic vesicular release, but not bipolar invagination. Because mGluR6 expression occurs at or after eyelid opening in mice, but in primates occurs long before birth, this suggests that primate photoreceptors have sufficient glutamate release at midgestation to initiate mGluR6 expression.
We cannot discount other undiscovered molecules or events that are also responsible for the late expression of mGluR6. 
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